Introduction
A special feature of a liquid-vapor interface is that it is a transition zone between the vapor and the bulk liquid. The structural information on the interface has long been obtained directly by using optical methods since Rayleigh. 1 Surprisingly, the thickness of the liquid-vapor interface of water at room temperature was found to be only several angstroms in spite of the fact that its density varies down to 10 -5 from the liquid to its vapor. For the last 20 years, x-ray reflectivity measurements of simple liquid surfaces have been performed, and the surface roughness has gradually been better understood on the scale of sub-angstroms. In pure liquids, thermal excited capillary waves cause surface roughness, whose amplitude is found to be about the molecular length. 2 Furthermore, for liquids having strong interactions, some order structures, such as surface layering for liquid metals 3 and surface freezing for molecules with a long alkyl chain, 4 were discovered.
Room-temperature ionic liquids (RTIL) are melts of salts that have not only Coulomb interactions, but also molecular interactions. Therefore, some order structure would be expected at the surface. Solutskin et al. performed x-ray reflectivity measurements for neat 1-alkyl-3-methylimidazolium-based ionic liquids, and found a dense surface layer of 6 Å thickness. 5 They mentioned that they should perform x-ray scattering measurements to observe in-plane order structures. In the present paper, we performed grazing incidence x-ray diffraction measurements, a surface-sensitive powder diffraction, for 1-butyl-3-methylimidazolium hexafluorophosphate ([bmim] [PF6]) to observe the surface structure. At an incident angle less than the critical angle, a diffraction pattern from 10 nm beneath the surface was obtained.
Experimental

Reagents and chemicals
The [bmim][PF6] was purchased from Kanto Chemical Co., Inc. as a standard material in the Grant in Aid for Scientific Research in Priority Area "Science of Ionic Liquids" from the Ministry of Education, Culture, Sports, Science and Technology of Japan and used without further purification. The nominal purity of the samples was specified as >99%.
Grazing-incidence x-ray diffraction (GIXD)
When the incident angle of an x-ray beam is less than the critical angle, the penetration depth of the x rays into the sample becomes on the nanometer order. Therefore, the scattering intensity under the grazing incidence of x rays has structural information from near the surface of the sample. The critical angle and the penetration depth of x rays depend on the energy of the x rays and the electron density of the sample. The calculated penetration depth abruptly changes around the critical angle, as shown in Fig. 1 .
We performed grazing-incidence x-ray diffraction (GIXD) measurements using a laboratory-based x-ray reflectometer, 6 as shown in Fig. 2 . A conventional x-ray tube with a Cu target was operated at 30 kV, 30 mA. The Cu Ka radiation (l = 1.541 Å) selected by a multilayer monochromater 7 Figure 3 shows a grazing-incidence x-ray image on an IP at an incident angle of a = 0.18˚, which is very close to the critical angle, ac (= 0.175˚) and the x-ray penetration depth L is 400 nm. The reflected x-ray beam was observed as the thin horizontal line at the lower part of the image. A part of the broad DebyeScherrer ring was observed around the reflected beam, indicating that the [bmim][PF6] molecules were randomly oriented in the liquid states. Shading observed above the reflected beam seems to be diffuse scattering from capillary waves on the liquid surface, 8 since it was also observed in other liquids, and the intensity increased with decreasing the incident angle.
Results and Discussion
The diffraction pattern, as shown in Fig. 4 , was obtained by summing up the data of 50 pixels (1 pixel = 100 mm) horizontally and integrated along the arc. The wave vector q is defined as,
where a and b are the incident and scattering angles, as shown in Fig. 2 . The diffraction patterns at a > ac ((a) and (b) in Fig. 4) 9 which has a sharp peak around q ~1.5 Å -1 . Since they measured the diffraction pattern over q ~9 Å -1 , the distance between the nearest I -s were obtained as 4.5 Å by a Fourier transform of the whole pattern. In the present study, the measured q-range was not sufficient for the Fourier-transform analysis, and hence the distance between the nearest anions (4.2 Å) was estimated by 2p/q of the peak, which is very close to that for [bmim] [I]. The distance does not change even at 10 nm beneath the surface, indicating that the liquid structure near the surface is the same as that in the bulk, where the molecules orient randomly. The peak broadening observed at a lower a is caused by the following reasons: an increase in the x-ray irradiated area on the surface (57 mm for 0.2˚ and 72 mm for 0.16˚), a decrease in the number of molecules that contribute to the scattering, and a broaden distribution of the distance of the nearest anions.
The diffraction patterns for both [bmim] [PF6] and [bmim] [I] also resemble that for 1-butanol. 10 For primary alcohols, the main maximum, which arises from the short-range order between neighboring alcohol molecules, locates at a lower q with increasing the number of carbons. 11 and the main maximum in those diffraction patterns has a similar shape and position to that of 1-butanol, the distance between the nearest anions is determined by the packing of the cation [bmim] + .
The present result shows that the molecules of [bmim] [PF6] near the air-water interface orient randomly. This does not conflict with the results of previous work, 12, 13 which considered the molecular orientation of RTIL at the air-water interface, since they observed the orientation of molecules located at the topmost part of the liquid surface, while we included molecules located over 10 nm underneath the topmost surface. The present result rather suggests that the average structure near the air-water interface is similar to that in the bulk liquid, and hence the cation or the anion are not localized to arrange an electrical doublelayer.
Conclusions
Grazing-incidence x-ray diffraction measurements for [bmim] [PF6] at different incident angles were carried out. A broad DebyeScherrer ring was observed in the diffraction patterns, and the radius was independent of the incident angles, indicating that the [bmim] [PF6] molecules near the surface are randomly orientated similar to those in the bulk liquid. The distance of the nearest anions was estimated to be 4.2 Å, which is very close to that for [bmim] [I], suggesting that the liquid structure of [bmim] [PF6] is determined by the packing of the cation.
